Organosilicate glass ͑OSG͒ coatings with a range of compositions have been deposited using O 2 , He, and octamethylcyclotetrasiloxane as a precursor in a plasma-enhanced chemical vapor deposition process. Rutherford backscattering spectrometry and forward recoil spectrometry were used to determine the composition of the coatings. The measurements show that addition of carbon and hydrogen lowers the density of the coatings, effectively reducing the concentration of the polarizing species. The dielectric constant is further lowered by a reduction of the ionic and orientation polarizabilities. Fourier transform infrared measurements show that as more C and H are incorporated, the siloxane network is more frequently interrupted by terminal methyl ͑CH 3 -͒ and H groups. Based on the experimental results a quantitative model for the OSG structure is proposed and the inverse infrared absorption cross sections of various absorption bands are determined, some of which for the first time. The structural model also makes it possible to calculate the average electronic polarizability of the various bond configurations in the OSG. Organosilicate glass ͑OSG͒ coatings, often fabricated by means of plasma-enhanced chemical vapor deposition ͑PECVD͒ processes using siloxane precursors, are receiving growing attention due to their application in the microelectronic, 1,2 optical, biomedical, 3-5 and environmental areas. Dense OSG coatings with dielectric constants as low as 2.8 have been successfully integrated into highperformance integrated circuits thanks to their excellent dielectric properties and their compatibility with state-of-the-art process technology. Furthermore, it has been demonstrated that porous OSG coatings can be grown with relative dielectric constants smaller than 2.1, 6 ensuring that PECVD OSG coatings will be used in future generations of integrated circuits.
Organosilicate glass ͑OSG͒ coatings, often fabricated by means of plasma-enhanced chemical vapor deposition ͑PECVD͒ processes using siloxane precursors, are receiving growing attention due to their application in the microelectronic, 1,2 optical, biomedical, [3] [4] [5] and environmental areas. Dense OSG coatings with dielectric constants as low as 2.8 have been successfully integrated into highperformance integrated circuits thanks to their excellent dielectric properties and their compatibility with state-of-the-art process technology. Furthermore, it has been demonstrated that porous OSG coatings can be grown with relative dielectric constants smaller than 2.1, 6 ensuring that PECVD OSG coatings will be used in future generations of integrated circuits.
PECVD OSG typically consists of an amorphous SiO 2 -like network in which some of the bridging oxygen atoms are replaced by organic groups such as CH 3 , CH 2 , and H. They differ from spin-on dielectrics, which are usually based on methyl silsesquioxane or hydrogen silsesquioxane 2, 7 in that they have a much more diversified bonding structure. 8 This diversified bonding structure arises as a result of the energetic nature of the PECVD process. In order to gain better insight into the properties of OSG coatings, it is critical to have a good understanding of the structure of the OSG films. Thus far, composition analysis of these coatings has been rather incomplete, especially with respect to the hydrogen content of the coatings. Most surface characterization techniques are not sensitive to light elements and are incapable of hydrogen detection. Rutherford backscattering spectrometry ͑RBS͒ is routinely used to measure the composition depth profile of thin films, 9 but detection of light elements such as C is limited as a result of low sensitivity. In this article, a novel RBS specimen preparation technique is employed to enhance the detection of light elements by decreasing the background signal. Forward recoil spectrometry ͑FRES, also called elastic recoil detection͒, is used for hydrogen profiling. 10, 11 First we present the results of a systematic study of a series of PECVD OSG coatings using RBS, FRES, and Fourier transform infrared ͑FTIR͒ spectroscopy. The effect of the deposition process on the structure of the coatings is quantified and linked to their dielectric properties. The mechanical properties and the fracture behavior of the coatings will be discussed in another paper. Then, a quantitative model of the OSG structure is presented that allows extraction of the inverse infrared absorption cross sections of the various functional groups. These cross sections can be used to analyze the FTIR spectra of other organosilicate coatings quantitatively, without the need for an elaborate characterization of the composition. The model also enables calculation of the electronic polarizabilities of the various bond configurations in the OSG coatings.
Experimental
OSG films were deposited on 200 mm silicon ͑100͒ wafers using an industrial PECVD reactor and octamethylcyclotetrasiloxane ͑OMCTS͒ as a precursor. Helium and oxygen served as carrier and oxidizer gas, respectively. The composition of the films was varied by changing the OMCTS flow rate. The indices of refraction of the OSG coatings were measured using a V-VASE spectroscopic ellipsometer from J.A. Woollam Co., Inc. The films were scanned over a range of wavelengths from 3000 to 10,000 Å at three different angles of incidence ͑65, 70, and 75°͒. The optical properties and thickness of the films were determined by fitting the experimental data using the Cauchy model. The density of the films was measured gravimetrically; the mass of a set of samples was measured using a high-accuracy scale ͑resolution = 2 g͒ before and after stripping the OSG coatings in hydrofluoric acid. The relative dielectric constant was measured using a KLA Quantox XP metrology system.
The atomic concentrations of Si, O, and C were determined by RBS and the H concentration by means of FRES. In order to improve the signal-to-noise ratio of the C signal in the RBS measurements, we used freestanding OSG membranes to eliminate the background signal from the Si substrate. These membranes were fabricated by first depositing 80 nm SiN x /500 nm OSG/30 nm SiN x film stacks on Si wafers. SiN x /OSG/SiN x membranes were made by opening windows in the silicon substrates using micromachining techniques. 10, 12 The SiN x capping layers protect the OSG during the micromachining process and prevent the absorption of moisture. A very thin layer of Cu ͑ϳ5 Å͒ was sputter-coated onto the specimens immediately prior to the RBS measurements. The Cu was used to reduce charging of the samples and served as an internal reference for calibration of the channel-energy correlations. The samples were irradiated with a 2 MeV 4 He + beam for a total charge of 5 C. No adverse effect of the radiation on the spectra was observed. The compositions of the films were determined by fitting the experimental spectra with simulated spectra for a SiN x /OSG/SiN x film stack obtained using the software package RUMP. 13, 14 The film thicknesses were measured independently using ellipsometry and used as input parameters in the simulation. A typical spectrum and the corresponding simulation for a SiN x /OSG/SiN x trilayer are shown in Fig. 1 . The stopping powers in the simulations were calculated from the gravimetric film densities; the atomic concentrations of Si, O, and C were derived from the film compositions and gravimetric densities.
For the FRES measurements, a 3 MeV 4 He 2+ beam was configured to bombard the samples at a glancing angle of 15°. Forwardrecoiled hydrogen ions were counted by a solid-state detector at 15°f rom the sample surface, resulting in a scattering angle of 30°. An 11.5 m thick Mylar foil was placed in front of the detector to block out scattered species other than H. For calibration purposes, a hydrogen-implanted silicon ͑100͒ wafer was irradiated under the same conditions and the implanted dose was used as a reference for calculating the H concentration in the OSG films. During irradiation, substantial hydrogen loss from the OSG coatings was observed. Figure 2 shows that this loss becomes increasingly severe with increasing beam dose. Without correction, the H concentration would be underestimated by as much as 30% at 15 C. The H loss was corrected for by extrapolating the He beam charge to zero. By contrast, the H-implanted silicon standard was stable under radiation at a current of 12.5 nA. The FRES results were analyzed using the formalism given by Doyle and Brice. 15 A surface approximation approach was used to calculate the H concentration in the films. In order to calculate the stopping powers, film densities were computed iteratively using the Si, C, and O densities from the RBS analysis and the H density from the FRES measurements. Non-Rutherford H scattering cross sections measured by Baglin 16 were used in the analysis.
The structure of the OSG coatings was investigated with FTIR spectroscopy. The measurements were made in transmission mode using a Nicolet NEXUS 670 spectrometer equipped with an MCT-A detector and a KBr beam splitter. The infrared beam was incident on the back side of the Si substrate at an angle of 47°to the normal of the sample surface to reduce interference and reflectivity. Before recording each spectrum, the specimen chamber was purged with nitrogen gas for 15 min to reduce interference from ambient moisture and CO 2 . All spectra were collected at a resolution of 2 cm −1 . A background spectrum was obtained under the same condition using a blank silicon substrate. The transmittance of the samples was recorded from 4000 to 500 cm −1 ; the absorbance was determined from the transmittance using A = − log 10 T ͓1͔
where A and T are absorbance and transmittance, respectively. All spectra were normalized to a film thickness of 1500 nm according to the Beer-Lambert law. Gaussian multipeak fitting was used to analyze overlapping absorption bands allowing peak position, amplitude, and width of each Gaussian to float freely.
Results
Composition and density.-The composition of the OSG coatings is shown in Fig. 3 as a function of OMCTS flow rate. Both the C and H contents increase, while the O content decreases with increasing precursor flow rate. This observation implies that the degree of oxidation of the film decreases with increasing precursor amount. Compared to the precursor itself, ͑SiOC 2 H 6 ͒ 4 , the O content of the OSG films is approximately 50% higher, while the C and H contents are considerably smaller. It should be noted that the H/C atomic ratio is smaller than 2.5 for all films ͑Fig. 3͒. This low ratio suggests that in addition to CH 3 there must be a significant fraction of CH 2 groups in the OSG; this is indeed confirmed by the FTIR measurements. It may even be possible that a small amount of C does not bond directly to H. These C atoms may be present in the form of silicon carbide or oxycarbide as is observed after pyrolysis of polysiloxane polymers, 17 although there is no direct evidence for the presence of such groups. As shown in Table I , the density of OSG decreases with increasing OMCTS flow rate. Clearly, addition of C and H increases the number of organic groups in the siloxane network and opens up the OSG network structure. 
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Electrical and optical properties.-The relative dielectric constants of the OSG coatings are tabulated in Table I . The value of the dielectric constant drops from 3.33 to 3.08 as the OMCTS flow rate is increased. According to the Debye equation, the relative dielectric constant, k, of a material is given by
where N is the number density of the polarizing species, ␣ e the electronic polarization, ␣ d the ionic or distortion polarization, and the polarization due to orientation of permanent dipoles. The density of dipoles can be written as N = N 0 /M, where N 0 is the Avogadro constant, the mass density, and M the formula weight of the dipoles. It then follows that
The sum of the quantities on the right side now represents the average polarizability of one formula unit of OSG. Thus, if the change of the dielectric constant is due to a decrease in the density of the polarizing species, the left side of Eq. 3 should remain constant. As illustrated in Table I , this is not the case. Figure 4 shows a graph of the OSG dipole density and the corresponding average molecular polarizability. Clearly, the reduction in dielectric permittivity with increasing C content is a consequence of a decrease in both the density of the polarizing species and the average molecular polarizability, at least for the range of C concentrations considered here. The results in Table I further show that OSG has a higher polarizability per formula unit than amorphous silica. This observation implies that OSG has a lower dielectric constant than silica because of its much lower density, rather than a lower intrinsic polarizability. Table I lists the refractive indices, n, of the coatings at a wavelength of 633 nm, along with the index of refraction of fused silica. All OSG films have a smaller refractive index than silica. It follows from Maxwell's equations that the square of the refractive index is equal to the relative dielectric constant. 2, 18 Because only electronic polarization plays a role at optical frequencies, the index of refraction can be used to assess the contribution of the electronic polarization to the dielectric constant of OSG. From Eq. 3, one finds
According to Eq. 4, electronic polarizability accounts for approximately two-thirds of the total polarization. Furthermore, the electronic polarization per formula unit remains nearly constant when the OMCTS flow rate is increased ͑Table I͒. Consequently, the decrease in the polarizability with OMCTS flow rate is caused by a decrease in the ionic and orientation polarizability. Because ionic and orientation polarization are sensitive to the precise bonding configuration, the variation of the dielectric constant suggests that there are subtle changes in the network structure of the OSG coatings as the flow rate is increased. Indeed, as is seen in the next section, films deposited at higher OMCTS flow rates contain more Si-CH 3 and Si-CH 2 bonds, which reduce ionic and orientation polarization.
FTIR analysis.-A typical FTIR absorbance spectrum for the OSG coatings is depicted in Fig. 5 . The spectrum shows several broad absorption bands representing the diversified film structure that results from the plasma polymerization process. Infrared spectra for OMCTS monomers or spin-on films usually show narrower and sharper absorption bands, 7, 19 as one would expect for materials with a well-defined structure. Detailed peak assignments are listed in Table II .
The broad absorption band from 1200 to 950 cm −1 belongs to the Si-O-Si asymmetric stretching mode, typical for a siloxane net- [20] [21] [22] Since the Si-O-Si asymmetric stretching mode in the OMCTS monomer also occurs at this frequency, 18 this peak may also include contribution from any retained OMCTS rings in the film. The peak at 1023 cm −1 is attributed to various suboxidized states of the siloxane network, 8, 11, 20, [23] [24] [25] [26] [27] such as long polymeric chains, ring structures, or more random forms. The shoulder at 1141 cm −1 usually indicates a cage structure 19, 22, 28 similar to that in silsesquioxane polymers. The weak peak at 1180 cm −1 is attributed to C-O stretching in some methoxysiloxane species. 21, 25 This peak was also observed by Chiang et al. in OSG films deposited with OMCTS precursor. 29 The peak areas of these components are plotted as a function of OMCTS flow rate in Fig. 7 . The figure clearly shows that the fractions of the SiO 2 -like network and the caged structure decrease while the amount of suboxide increases with OMCTS flow rate. The peak positions in Table II show a blue shift for the Si-O vibration modes with increasing OMCTS flow rate. This may be caused by an increase in the Si-O-Si bond angle as the OSG density decreases. 30 The peak at 1273 cm −1 is attributed to the Si-͑CH 3 ͒ x ͑x = 1, 2, or 3͒ rocking mode. It is one of the characteristic peaks in the infrared spectrum of a methylpolysiloxane film. Figure 8 shows a detailed view of this band. With increasing OMCTS flow rate, i.e., increasing C content, the peak becomes stronger due to incorporation of additional methyl groups; it shifts to a lower frequency ͑red shift͒ and develops a shoulder. This evolution is related to the bonding state of the silicon atom connected to the methyl groups and results from an increased number of D-and M-groups relative to T-groups. 26, 28 In this nomenclature, a T-group corresponds to O 3 Si-CH 3 , where three oxygen atoms and one organic group ͑me-thyl group in the present case͒ are connected to a single silicon atom. The D-and M-groups represent O 2 Si-͑CH 3 ͒ 2 and OSi-͑CH 3 ͒ 3 , respectively. The shoulder at lower frequency indicates an increased number of D-and M-groups in the film. The peak can be decomposed into its three constituents using Gaussian peak fitting. The results are listed in Table III . The peak area for each of the three groups, i.e., the absolute number of methyl groups in each configuration, rises with increasing C content. As expected, the fraction of methyl groups in a D or M configuration increases, while the fraction of the T-groups decreases as more methyl groups are incorporated into the coatings. The relative amounts of these configurations are important for the network structure of the OSG: T-groups have three bridging atoms and can thus be part of a caged structure or a network, D-groups are nodes in a linear chain, and M-groups terminate a chain or network. Consequently, one would expect mechanical properties such as the stiffness, hardness, or fracture toughness of the OSG coatings to depend sensitively on the precise bonding configuration of the methyl groups.
The broad band between 900 and 700 cm −1 ͑Fig. 5͒ consists of overlapping vibration modes from various bond structures. As illustrated in Fig. 9 , at least five peaks are necessary to get a good deconvolution of the band. The three sharp peaks at 840, 804, and 777 cm −1 can be assigned to coupling of the Si-C stretching and the CH 3 rocking modes in the Si-͑CH 3 ͒ x ͑x = 1-3͒ structure. 8, 18, 19, 23, 25, 26 The shoulder at 890 cm −1 may be assigned to Si-O stretching 19, 22, 24, 30, 31 in either the HSiO 3 or the SiOH configuration. In the present case, the assignment to HSiO 3 is the more likely because there is no OH absorption band at 3500 cm −1 . The weak band at 745 cm −1 may be attributed to the Si-C stretching mode in a carbide structure 25, [32] [33] [34] or the symmetric stretching mode of Si-O-Si bonds. 19, 22, 31, 35 The infrared spectra of the OSG coatings also exhibit a number of fine structures that are shown more clearly in the inserts in Fig. 5 Figure 10 shows an expanded view of this part of the spectrum along with the Gaussian fits corresponding to each of the vibration modes. The v a C-H 2 and v s C-H 2 peaks are direct evidence of the presence of methylene groups in the OSG network. Methylene groups form bonds to two Si atoms and perform a cross-linking function in the OSG network; by contrast, methyl groups replace a bridging oxygen atom with a terminal group and disrupt the network. Thus, the number of methylene relative to methyl groups in the structure of the films is critical to the integrity of the network structure. As the C content of the OSG films increases, the v a C-H 2 /C-H 3 peak area ratio decreases ͑see Table IV͒ , indicat- Table III . Deconvolution of the infrared Si"C-H 3 … x symmetric bending absorption band.
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Journal of The Electrochemical Society, 153 ͑7͒ F144-F152 ͑2006͒ F148 ing a shift from methylene to methyl groups and a degradation of the network structure of the OSG. This observation is further confirmed by the C-H 2 and C-H 3 bending modes between 1300 and 1500 cm −1 : the C-H 3 asymmetric bending mode from Si͑CH 3 ͒ x at 1411 cm −1 increases with C content, while the C-H 2 bending mode from SiCH 2 Si at 1360 cm −1 decreases. Finally, information obtained from the H-Si stretching band from 2300 to 2110 cm −1 leads to a similar conclusion. This band consists of two peaks: a peak at 2237 cm −1 attributed to the H-SiO 3 structure and a peak at 2174 cm −1 that arises because of H 2 SiO 2 .
8,19,25,30 H-SiO 3 can be regarded as part of a caged structure or suboxide network, while H 2 SiO 2 forms a linear chain. As the C content of the films increases, the H-SiO 3 /H 2 SiO 2 peak area ratio, which is another indication of the degree of cross-linking in the siloxane network, decreases ͑see Table IV͒ . The H-Si stretching band is very weak, suggesting that there are few H-Si bonds in the OSG. This is not surprising given that the precursor does not contain any Si-H bonds and that the Si-H bond is weaker than most of the other bonds in the network.
Analysis and Discussion
With structural information provided by the FTIR spectra and atomic concentrations determined from RBS and FRES, a quantitative analysis of the OSG is performed. In this analysis, the structure of the OSG is described in terms of building blocks, each one of which corresponds to a functional group identified in the FTIR spectra and represents part of the OSG network. The analysis is briefly discussed here; more details and calculations are reported in the Appendix.
Our analysis relies on the FTIR spectra to identify the functional groups present in the OSG coatings, including Si-O-Si, -CH 3 , -CH 2 −, and -H. Based on these groups, five building blocks are defined as illustrated in Fig. 11 . The corresponding formula units are SiO 2 , ͑CH 3 ͒ 2m SiO 2−m , Si͑CH 2 ͒ 0.5 O 1.5 , Si͑CH 2 ͒O, and H 2p SiO 2−p . Note that these formulas reflect the exact proportion of atoms associated with each functional group. For example, the T-group, represented as O 3 Si-CH 3 in Table II , is written as ͑CH 3 ͒SiO 1.5 , because each of the three O atoms is shared with another Si atom. Thus, SiO 2 represents the part of the network that is just like silica; ͑CH 3 ͒ 2m SiO 2−m is a combination of the T, D, and M groups; H 2p SiO 2−p combines the mono-and bisubstituted H-Si bonds; Si͑CH 2 ͒ 0.5 O 1.5 and Si͑CH 2 ͒O are two different CH 2 -related configurations that cross-link the network. The value of m in ͑CH 3 ͒ 2m SiO 2−m is determined by the relative number of T, D, and M groups and can be estimated from the relative peak intensities in the FTIR spectrum ͑See Table III or the absorption peaks in Fig. 8͒ ; similarly, the value of p can be determined from the peaks around 2200 cm −1 . The infrared absorption cross sections of the functional groups are not known for OSG-like materials. Thus, it is not possible to determine what fraction of the OSG network is made up of the individual building blocks based on an analysis that relies solely on the FTIR absorption results. A quantitative analysis is feasible in the present case, however, because data is available for a series of OSG samples of different composition. If the absorption cross sections are the same for all the OSG samples, they can be calculated by combining the FTIR results with the composition results of the elemental analysis. Assuming that the absorption cross sections do not vary from sample to sample is justified because of the relatively small differences in composition between the samples and the similarity of their structure as evidenced by the FTIR spectra. Based on the mass balances for each of the atomic species in the OSG and the FTIR absorption data, it is possible to derive a set of equations from which the concentrations of the building blocks can be calculated using a least squares technique. A detailed description of the procedure is given in the Appendix. Once the concentrations are known, the absorption cross sections are readily determined. 
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In addition to the functional groups identified in the FTIR analysis, the OSG may also contain groups that cannot be detected by FTIR such as silicon carbide or oxycarbide. If the OSG contains a significant fraction of unidentified groups, it is not possible to find a set of concentrations that satisfies the equations. In that case, it may be necessary to use other techniques such as nuclear magnetic resonance or Raman scattering to identify the groups and improve the accuracy of the analysis.
The results of the model are listed in Table V and are shown graphically in Fig. 12 . The error bars in the figure were determined from a statistical analysis of the least-squares solution based on the chi square distribution. The errors are relatively small, indicating that the concentration of groups not detected by the FTIR analysis is not significant. Any systematic errors in the composition analysis are of course not reflected in the error bars. We expect the largest systematic error to occur because the H concentration was determined using a different technique than the Si, O, and C concentrations, even though every effort was made to minimize this error. To give an idea of how this error impacts the analysis, a 5% error in the hydrogen content of the OSG would result in an error of at most 10% in the number density of SiO 2 , ͑CH 3 ͒ 2m SiO 2−m , Si͑CH 2 ͒ 0.5 O 1.5 , and Si͑CH 2 ͒O, while the concentration of H 2p SiO 2−p could be affected by as much as 40%. Figure 12 shows that the OSG structure consists mainly of siloxane along with significant fractions of methyl and methylene groups. The SiO 2 fraction of the network decreases with increasing OMCTS flow rate, while the concentration of bonds to methyl groups increases. The concentration of Si͑CH 2 ͒ 0.5 O 1.5 decreases with increasing OMCTS flow rate, while that of Si͑CH 2 ͒O increases, possibly as the result of an increase in the Si-CH 2 * radical concentration in the plasma.
Since OSG is essentially a SiO 2 network with a fraction of the Si-O bonds substituted by Si-CH 3 , Si-CH 2 , and Si-H bonds, one would expect the physical properties of the films to correlate with the concentration of these bonds. Figure 13 , for example, shows the relative dielectric constant as a function of the ͑Si-CH 3 + Si-CH 2 + Si-H͒/Si-O bond density ratio. As expected, the dielectric constant decreases with increasing ratio. As pointed out in the Results section, this decrease is the result of both a change of density and a change in the structure of the film. By extrapolating to zero, one finds a relative dielectric constant of 4.04 ± 0.21, which is close to the value for silica. With the concentration of the various bond configurations known, we are now able to calculate the average electronic polarizability for individual bond configurations. The values are tabulated in Table VI . The electronic polarizability of SiO 2 as determined from the model is 2.87 Å, 3 in close agreement with literature data. 37, 38 The numbers for ͑CH 3 ͒ 2m SiO 2−m and Si͑CH 2 ͒ x O 2−x are larger than for SiO 2 , because replacing the Si-O bond with Si-CH 3 or Si-CH 2 bond breaks the Si sp 3 symmetry. This causes a shift in the electron distribution around the Si atom and results in a stronger molecular dipole moment. The lower electronic polarizability of H 2p SiO 2−p may be attributed to the reduced charge of H and/or a change of bond angles. 39 It is not possible to calculate accurate ionic or orientation polarizabilities of the bond configurations because those quantities are much more sensitive to the precise bond environment.
The quantitative analysis of the OSG structure makes it possible to calculate the correlation coefficients between the integrated FTIR absorbance and the bond densities. These coefficients allow one to directly calculate bond densities from an FTIR spectrum. According to the Beer-Lambert law, the absorption coefficient ␣ is related to the transmittance by
where d is the optical path length, which depends on film thickness and the infrared beam incident angle. Using Eq. 1 and 5, the absorption coefficient can be written in terms of the absorbance
is used to determine the absorption coefficients from the FTIR absorbance spectra. The density, Q, of a given functional group can then be calculated from
where A s is the inverse IR absorption cross section of the group and is the vibration frequency of the corresponding absorption band. The inverse IR absorption cross sections of the various functional groups in OSG were calculated and they are listed in Table VII 
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Journal of The Electrochemical Society, 153 ͑7͒ F144-F152 ͑2006͒ F150 standard deviations represent the statistical errors derived from a chi square analysis of the model. Given the uncertainty in the H 2p SiO 2−p concentration, the corresponding inverse cross section should be treated with some suspicion. The inverse cross section for the other groups, however, should be quite accurate. Some inverse cross sections for the same bonds in other materials obtained from the literature are also listed for reference. Values of IR absorption cross sections are typically very sensitive to the bond environment, although cross sections of weak dipoles tend to be more sensitive to bond environment than strong dipoles such as Si-O, because IR absorption reflects the effective charge associated with the bond. As expected, the inverse cross section for Si-O-Si asymmetric stretching from 1160 to 1000 cm −1 is 0.16 ± 0.03 ϫ 10 20 cm −2 , in good agreement with the value calculated by Basa 34 for quartz. The cross sections for weaker dipoles, such as C-H and Si-H, do not agree quite that well with the literature values. This is to be expected because the literature values were measured for bonds in very different materials. For instance, the values for C-H were measured for hydrogenated silicon carbide in both references, 40, 41 while the values for Si-H were obtained from hydrogenated amorphous silicon. [42] [43] [44] The experimental values listed in Table VII are all greater than the corresponding literature values. We attribute this to an inductive effect between neighboring bonds. The inverse cross sections depend sensitively on the effective vibrating charge of the bonds and hence on the bonding environment. 26 For example, oxygen is much more electronegative ͑3.44͒ than Si ͑1.9͒, C ͑2.55͒, and H ͑2.2͒ and forms a strong dipole with Si, thus reducing the effective charge of any adjacent Si-H bonds. Consequently, the inverse cross section for Si-H is expected to be higher in OSG than in hydrogenated amorphous silicon. Several of the inverse cross sections tabulated in Table VII have been measured for the first time to the best of our knowledge. We expect that these inverse cross sections will be useful for future studies of OSG-like materials.
Conclusions
We have investigated the composition, structure, and dielectric properties of OSG coatings deposited by means of PECVD as a function of the OMCTS precursor flow rate. RBS and FRES analysis show that OSG films incorporate more C and H, and less O, when the OMCTS flow rate is increased relative to the oxygen flow rate. The result is a net decrease in film density and relative dielectric constant. The reduction in the dielectric constant is due to both a decrease in dipole density and molecular polarizability. The lower dielectric constant of OSG as compared to silica is attributed mainly to the much lower density of OSG.
A detailed FTIR analysis reveals that the film becomes less cross-linked when the OMCTS flow rate increases because the siloxane network is more and more interrupted by -CH 3 and -H groups. We propose a quantitative model for the OSG structure based on the functional groups identified using FTIR. The model makes it possible to determine the electronic polarizabilities of the individual bond configurations in OSG and the value obtained for 
Appendix: A Structural Model for OSG
In the analysis, OSG is assumed to consist of a number of bond configurations that each contains one Si atom and that serve as building blocks for the structure. The relevant bond configurations are identified in the FTIR absorption spectra of the OSG coatings. The fraction of the OSG structure that consists of each configuration is determined from the FTIR spectra along with the mass balances for each of the atomic species in the OSG coatings. The underlying assumptions are the following:
1. The infrared absorption cross section of a given functional group does not change significantly as the OSG deposition parameters are changed. This assumption is acceptable because the structure of the OSG does not vary much over the range of deposition parameters explored in this study, as evidenced by the FTIR spectra. If the cross sections are independent of the process parameters, it is possible to compare the densities of a given functional group in different films using the corresponding infrared absorption band areas and the inverse infrared absorption cross sections can be treated as unknown parameters to be determined from the analysis.
2. Vibration modes that are very similar and that occur at nearly the same wavenumber have similar infrared absorption cross sections. Examples are the C-H 3 and C-H 2 stretching modes 40 The subscripts p and m are calculated from the corresponding peak area ratios for each set of deposition conditions ͑listed in Table A -I͒. This assumption is not essential but reduces the complexity of the analysis by limiting the number of building blocks in the model. It also allows for a comparison of similar groups such as CH 3 and CH 2 in the same film using the corresponding infrared absorption bands. O 2−x configuration because there is insufficient information in the FTIR spectra to determine the subscript x. We also include an explicit carbon residual in the model to reflect the larger experimental error in the carbon concentration.
The composition information obtained from the RBS and FRES measurements can now be used to derive a mass balance for each of the atomic species in OSG in terms of the number densities of the six bond configurations in the model where A ij s is the integrated area of the absorption band that corresponds to vibration mode s of functional group j for film i. Table A-III lists the seven absorption bands used to construct these equations for the functional groups that can be identified in the FTIR spectra. The situation for the absorption band from 1175 to 990 cm −1 , which is associated with Si-O-Si a-stretching, is slightly more complicated because several bond configurations contribute to this band. This band yields three equations of the type 
͓A-4͔
Altogether the FTIR results yield 29 equations. Thus, together with the mass balances, there are a total of 45 equations in 24 unknowns. This overdetermined system is solved for the number densities of each of the bond configurations using the leastsquares method. The results are given in Table V. A 2 -statistical analysis of the model constructed here shows that it provides a good fit for the experimental results with a correlation coefficient R 2 of 0.998. In order to assess the applicability of the model to OSG films deposited using different precursors, we have repeated this analysis including OSG coatings deposited using two different precursors 45 and found the same inverse cross sections within the margin of error. 
